Long-term trends of tropospheric NO 2 columns from four satellites, GOME, SCIAMACHY, OMI and GOME-2, are analyzed over the capital cities in Southeast Asia, Japan and China for the period 1996 to 2011. The results show a significant increase in tropospheric NO 2 columns over Shanghai during the study period (21.5% yr -1 , reference year 1996). The seasonal variability reveals a different pattern between the different city locations. The cities located in low-and mid-latitude show the maximum levels in wintertime and minimum in summertime. Reversely, those cities near Equator give the opposite results. The inter-comparisons between the satellites show reasonably well agreements with the correlations larger than 0.75. The consistency between NO x emissions from several regional and global emission inventories and tropospheric NO 2 columns is investigated and give the different results for each city due to the effect of meteorology. The comparison of ground-and satellite-based NO 2 are performed for several stations. The results illustrate better relations for OMI and GOME-2 than GOME and SCIAMACHY owing to the differences in satellite overpass time and spatial resolutions. Finally, the results of seasonal variability from GEOS-Chem simulation generally agree well with satellite measurements. However, the model underestimated retrieved tropospheric NO 2 columns by the factor of 3-4.
INTRODUCTION
Nitrogen oxides (NO x =NO+NO 2 ) is one of the most important species playing a key role in atmospheric chemistry. The major sources of NO x can be distinguished in anthropogenic sources (e.g. fossil fuel combustion, biomass burning) and natural sources (e.g. soil emissions, lightning). These emissions have been increasing over Asia due to rapid economic development during the past decade 1) . It has been recognized that NO x has a variety of adverse human health and environmental effects. Long-term exposure to NO x can lead to pulmonary damage and may be fatal 2) . Measurements of Nitrogen dioxide (NO 2 ) are important for the understanding of the production of tropospheric ozone (O 3 ). Moreover, NO 2 may react with OH and form nitric acid (HNO 3 ) which is one of the main components of acid rain. In term of greenhouse gas, NO 2 contributes significantly to local radiative forcing over industrial regions and urban areas by perturbing O 3 and methane (CH 4 ) concentrations 3) .
Since NO x in the troposphere has a relative short lifetime varying from hours to days and its sources and sinks are distributed heterogeneously, therefore it is important to measure the concentration with a broad spectrum of spatial and temporal scales. Following the advances in satellite technology, the extensive geographical coverage and frequent observations can be provided by satellite measurements. The global distribution of tropospheric NO 2 columns have been retrieved from space since the Global Ozone Monitoring I_171 Experiment (GOME) instrument onboard second European Remote sensing (ERS-2) was launched in 1995. The next generations of tropospheric NO 2 columns observations are the Scanning Imaging Absorption spectroMeter for Atmospheric CartograpHY (SCIAMACHY/Envisat) and the Ozone Monitoring Instrument (OMI/Aura) which have been used for many air quality studies on both global and regional scales. As was reported in Richter et al. (2005) 4) that based on GOME retrievals, rapid increasing trend of tropospheric NO 2 was found over Central East China (CEC) approximately of the order of 7% per year during 1996 and 2002. Similar trend was also shown in van der A et al. (2006) 5) over China using a combination of GOME and SCIAMACHY during the period of 1996 to 2004.
Many studies have also used satellite measurements in order to validate air quality models and to assess the accuracy of the emission inventories. Uno et al. (2007) 6) have used GOME satellite to analyze inter-annual and seasonal variations of tropospheric NO 2 columns over eastern Asia and compare with the regional scale chemical transport model (CTM) from 1996 to 2003. The results showed that the model underestimated the GOME retrievals over polluted industrial regions. Similar results were also found in van Noije et al. (2006) 7) where GOME tropospheric NO 2 retrievals have been systematically compared with the results from 17 global atmospheric chemistry models. They reported that on average the models underestimated the GOME retrievals in industrial regions but overestimated in regions that dominated by biomass burning.
Although the satellite-based retrievals are promising, to date, there are a limited number of published studies in Southeast Asia (SEA). In this paper, we present the temporal distribution of satellite-based tropospheric NO 2 columns (GOME, SCIAMACHY, OMI and GOME-2) over several cities in SEA and including China and Japan together with several regional and global NO x emission inventories. The comparisons of satellite-based tropospheric NO 2 columns with surface NO 2 measurements are also presented to assess the consistency between these parameters. Tropospheric NO 2 columns are then compared with those from model simulations.
METHODOLOGY AND DATA (1) Satellite retrievals
Satellite-based tropospheric NO 2 vertical column densities (VCDs) used in this study are retrieved from level-2 products of GOME, SCIAMACHY, OMI and GOME-2 by KNMI (Royal Netherlands Meteorological Institute) and BIRA/IASB (Belgian Institute for Space Astronomy) which are published in the website of the Tropospheric Emission Monitoring Internet Service (TEMIS) project (http://www.temis.nl). The details of each satellite are provided in Table 1 .
(2) Emission inventories
The development of global and regional emission inventories of air pollutions is very important for understanding and management of air pollution problem in Asia. In this study, we use following two inventory data to be compared with satellite VCDs and investigated the seasonal and inter-annual variation around Asian megacities.
a) REAS emission inventory
Regional Emission inventory in Asia (REAS) was constructed on the basis of several energy statistics, emission factors, and other socio-economic information during the period of 1980 -2003 13) . It was focused on the emissions of NO x , SO 2 , CO, BC (black carbon), OC (organic carbon), and NMVOC (non-methane volatile organic compounds). The emissions were estimated based on fuel combustion sources and non-combustion sources as a part of anthropogenic activities. These estimations calculated for district and country levels were distributed into a 0.5° × 0.5° grid by using index databases (population, positions of the large point sources, land cover, and land area).
The yearly NO x emission data from REAS emission inventory was mainly considered from fossil/bio-fuel combustions, biomass burning, and 14) .
(3) Model and input data description
Simulations of tropospheric NO 2 columns are conducted with the global 3-D GEOS-Chem model 15) . GEOS-Chem is a chemical transport model (CTM) of atmospheric composition driven by meteorological observations from the Goddard Earth Observing System (GEOS) of the NASA Global Modeling and Assimilation Office. It has been extensively evaluated and applied by many research groups to study on O 3 and its precursor over different regions of the world. GEOS-Chem simulations presented in this study cover the globe with a spatial resolution of 2° × 2.5° grid (144 longitude and 91 latitude grid points.) identical to the meteorological runs, with 40 layers extending up to 80 km. The temporal resolutions of the transport and convection time step were set at 10 minutes, and the emission and chemistry time step were set at 30 minutes. The meteorological fields were derived from GEOS-5. 
RESULTS AND DISCUSSION
(1) Temporal and seasonal variability of NO 2 In this study, fourteen capital cities of the countries in SEA and including Japan and China were chosen to retrieve monthly tropospheric NO 2 VCDs data from GOME, SCIAMACHY, OMI and GOME-2 satellites on a 0.5° by 0.5° grid. Time series of monthly tropospheric NO 2 VCDs were plotted for each city during the time period of 1996 -2011 in order to investigate the characteristic of interannual and seasonal variations and to examine the trend of tropospheric NO 2 columns along the study period. In Fig.1 , time series of monthly tropospheric NO 2 VCDs for Beijing, Tokyo, Bangkok, Phnom Penh, Kuala Lumpur and Jakarta are illustrated as representative of the cities located at mid-latitude, low-latitude and Equator zones. Table 2 summarizes the results of time series of monthly tropospheric NO 2 VCDs averaged from all satellite measurements for fourteen cities. As presented in Table 2 , the trends of tropospheric NO 2 VCDs for some cities are not quite clear whether they were increasing or decreasing during 1996 -2011. However, for China, Shanghai has the highest increasing trend of 21.5% per year (reference year 1996), implying an approximate 320% increase within sixteen years. It should be noted that the % increase in this case is calculated only from GOME, SHIAMACHY and GOME-2 satellites since OMI observation has a different local equator crossing time (13:00-14:00) from other observations (09:30-10:30). Beijing, Singapore and Hanoi are the following cities with the increasing trend of 14.1, 11.8 and 11.4% per year, respectively. The outcome of this study is similar with van der A et al. (2008) 16) , their study showed that Shanghai had a linear significant increase in tropospheric NO 2 Moreover, the results in 
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Fig. 2 Scatter plot of monthly tropospheric NO 2 VCDs (10 15 molec. cm -2 ) between GOME, OMI, and GOME-2 versus SCIAMACHY, and GOME-2 versus OMI, r = Correlation coefficient, N = Number of data point molecules/cm 2 , followed by Shanghai and Tokyo with the average concentration of 20.22×10 15 (Fig.1a) which are located in the mid-latitude, the maximum concentrations of tropospheric NO 2 can be seen during the wintertime (Nov -Jan) as expected since chemical lifetime of NO 2 is longer in the winter due to lower OH concentration (produced by solar radiation) and higher anthropogenic emissions, while the minimum values can be found during the summertime (Jun -Aug). In case of SEA, the cities that located in low-latitude zone (Fig.1b) , Bangkok, Phnom Penh, Hanoi, Naypyidaw and Vientiane, also have maximum concentration during winter months (Dec -Feb) and minimum during summer months (Jun -Aug). For the cities located near Equator, the temperature is quite constant throughout the year with a tropical climate. The only variation in this region is rainfall. As seen in Fig.1c , the seasonal cycle of tropospheric NO 2 columns for the cities near Equator area is different from the cities in the upper latitude and influenced by the amount of rainfall and the monsoons. For instance, Jakarta, the maximum values takes place during dry season (Jun -Sep), while the minimum values appear in rainy season (Dec -Mar). NO 2 will react with water to form acid rain causing low concentration of tropospheric NO 2 columns. Similar pattern of seasonal variability is also found in other cities near Equator zone.
(2) Satellite inter-comparison
In order to investigate the consistency between the satellites, different satellite datasets were compared using the concurrent time periods and point locations. Scattering plot of monthly mean tropospheric NO 2 VCDs from four satellites and linear regression was applied for identifying a relationship between each satellite. From Fig.2 , the comparisons of GOME, OMI and GOME-2 versus SCIAMACHY, and OMI versus GOME-2 show good agreements with correlation coefficients larger than 0.75. The relationship between GOME-2 and SCIAMACHY gives the highest correlation coefficients of 0.90. The reason mainly due to their similar overpass time (GOME-2: 09:30LT, SCIAMACHY: 10:00LT). For the correlation of GOME and SCIAMACHY with correlation coefficient of 0.75, the discrepancy is due to the large different in horizontal coverage (SCIAMACHY: 60 × 30 km 2 , GOME: 320 × 40 km 2 ). In additional, the levels of tropospheric NO 2 columns from GOME-2 and GOME measurements are also lower than those from SCIAMACHY (with the ratio of NO 2 VCDs from GOME-2 to SCIAMACHY of 0.58 and GOME to SCIAMACHY of 0.45), owing to the lower resolutions of GOME-2 (GOME-2: 80 × 40 km 2 ) and GOME instruments that smooth out the concentrations of the pollutant from the local emissions. For OMI and SCIAMACHY, they also show good correlation with the correlation coefficient of 0.86. Even though, OMI and SCIAMACHY have a difference in spatial coverage but both of them have fine resolutions (OMI: 13 x 24 km 2 ) that are able to reveal the characteristic of urban and industrial scales as mentioned in Zyrichidou et al. (2009) 18) . Thus, the main reason of the discrepancy in this case is due to the difference in the local equator crossing time (OMI: 13:30LT). Moreover, OMI and SCIAMACHY case also indicates that OMI has lower measurements of tropospheric NO 2 VCDs comparing with SCIAMACHY (with the ratio of NO 2 VCDs from OMI to SCIAMACHY of 0.53). Since during rush hour in the morning, tropospheric NO 2 is significantly produced from the transportation especially in urban area, then the measurement of SCIAMACHY during this period is subsequently high. On the other hand, in the afternoon the photolysis rate is higher than in the morning causing the loss of NO 2 and resulting in the low measurement of tropospheric NO 2 during the overpass time of OMI instrument. The comparison between OMI and GOME-2 also provides good correlation with the correlation coefficient of 0.89. This is because both I_175 Fig.3 Time series of REAS NO x emissions and tropospheric NO 2 VCDs during 1996-2009: the circle, square, triangle, X and star symbols indicate NO x emissions, GOME, SCIAMACHY, GOME-2 and averaged from thee satellite measurements, respectively, r = Correlation coefficient Fig.4 Time series of MACCity NO x emissions and tropospheric NO 2 VCDs during 1996-2010: the circle, diamond and star symbols indicate NO x emissions, OMI NO 2 VCDs and averaged NO 2 VCDs from thee satellite measurements (GOME, SCIAMACHY and GOME-2), respectively, r = Correlation coefficient of them are the new generation of space borne measurements with high spatial resolutions.
(3) Comparison of emission and satellite data
In this section, REAS NO x emission inventory was derived in term of yearly data to study the evolution of NO x emissions over the study areas during the period 1996 -2009. Fig.3 presented the trend of REAS NO x emissions together with the tropospheric NO 2 VCDs data from GOME, SCIAMACHY and GOME-2 satellites. The averaged trends of tropospheric NO 2 VCDs from three satellites (black star symbol) were calculated based on yearly averages in order to investigate the consistency with REAS NO x emissions (black circle symbol). The measurements of OMI are not included in this part since OMI have the different satellite overpass time. From Fig.3 , it presents examples of the results for Shanghai, Singapore and Tokyo cities, respectively. The grey dash line presents the linear trend of REAS NO x emission data and the black dash line presents the linear trend of yearly averaged tropospheric NO 2 VCDs. Summary for the details of other cities is presented in Table 3 . For the cities of Shanghai (Fig.3) , Beijing, Bangkok, Hanoi, Phnom Penh, and Kuala Lumpur, the results show relatively good relationships between NO x emissions and tropospheric NO 2 VCDs with the correlation I_176 coefficient more than 0.70 and show the increasing trend of the emissions. For Singapore (Fig.3) , Naypyidaw and Dili, the trends of NO x emission and tropospheric NO 2 VCDs are revealed in the opposite way. In Tokyo case (Fig.3) 2 columns from GOME and CMAQ model have a similar trend but GOME data give a slightly steeper trend after the year 2000. These results are similar with our study in case of Beijing and Shanghai. In order to study the consistency of the seasonal Table 3 The correlation coefficient (r) and annual increase rate (%) of tropospheric NO 2 VCDs (GOME, SCIAMACHY and GOME-2) and REAS NO Table 4 The correlation coefficient (r) and annual increase rate (%) of tropospheric NO 2 VCDs (GOME, SCIAMACHY and GOME-2) and MACCity NO Fig.4 for Singapore case. Similar results are also revealed in other cities near coastal line such as Bandar Seri Begawan, Dili and Manila. The possible bias can be caused by an inaccuracy of the emissions or meteorological effects.
The amount of precipitation was derived from NOAA website for the available meteorological stations. Fig.5 demonstrates an effect of the precipitation parameter on the relationship of tropospheric NO 2 VCDs and MACCity NO x emissions by depicting the scattering plot of the precipitation versus the ratio of tropospheric NO 2 VCDs to NO x emission, "L NOx " (which have the same unit as NO x lifetime), in term of monthly data averaged from year 1996 to 2010. When the precipitation is high, the tropospheric NO 2 VCDs would be low causing the small value of L NOx . Fig.5 provides examples for Tokyo (mid-latitude), Phnom Penh (low-latitude) and Kuala Lumpur (Equator) cities. The summary for other cities is presented in Table 5 . For most of the cities, the relations of the precipitation and L NOx (hour) have the correlation coefficients in range of -0.45 to -0.65, which support the hypothesis that meteorological parameters play a role in NO x lifetime and the relationship between tropospheric NO 2 VCDs and NO x emissions.
(4) Satellite-based and surface monitoring of NO 2 In this part we aim to provide a quantitative comparison between ground-based and satellite monitoring of NO 2 in order to assess the capability of satellite instruments for observing NO 2 emissions. Surface NO 2 data in this study were derived from Hongwen, Xiang Zhou and Bangkok stations processed by The Acid Deposition Monitoring Network in East Asia (EANET) 19) during the period 2001 -2008. The sampling sites were located in urban area and collected the data by using automatic dry deposition monitoring methods. Fig.6 illustrates 
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the scattering plots of surface NO 2 measurements versus tropospheric NO 2 VCDs from GOME, SHIAMACHY, OMI and GOME-2 satellites at Bangkok station in term of monthly average. The summary for other stations is given in Table 6 . The results from three stations reveal similar outcome. The correlations between satellite-and ground-based NO 2 monitoring are in good agreement in case of OMI and GOME-2 with the correlation coefficients of 0.61 -0.74 and 0.68 -0.71, respectively , while GOME and SCIAMACHY present weaker relationships with the correlation coefficients of 0.46 -0.59 and 0.48 -0.55, respectively. The reasons of the results in this case can be explained by the horizontal resolution of the satellite instruments. Since OMI and GOME-2 have finer spatial resolutions than GOME and SCIAMACHY, they are able to give more precise detection of the characteristic of the pollutants in the local scale than those with low spatial resolutions. However, for SCIAMACHY case, even it has similar resolution and overpass time with GOME-2 but it presents smaller correlation. Many researches has studied on the comparison between satellite-borne and ground-based tropospheric NO 2 measurements and proved that their relationships can be influenced by seasonal cycle, climate effects and meteorological parameters such as cloud, fog, wind speed and aerosol loading 20)21) . Therefore, the discrepancy in this case can be also explained by the effects of these parameters.
(5) Comparison of simulated and satellite NO 2 In this section we investigate the consistency of the seasonal variability of tropospheric NO 2 VCDs measured by satellite instruments and simulated by 2 VCDs from SCIAMACHY and OMI satellites were used to compare with the results from the model. SCIAMACHY and OMI have a local equator crossing time around 10:00LT and 13:30LT, respectively, correspondingly the model output for each grid is set at 10:00LT -12:00LT and 12:00LT -14:00LT, respectively, for the comparison. Fig.7 shows the comparison of the seasonal variation between the observed tropospheric NO 2 VCDs by SCIAMACHY and OMI versus the predicted by GEOS-Chem over Beijing, Bangkok and Bandar Seri Begawan in order to verify the accuracy of the emissions used in the model simulations.
The details for other cities are presented in Table 7 and 8. Most of the results from OMI provide better correlations than from SCIAMACHY, this could be due to the finer horizontal resolution of OMI instrument. The results for most of the cities located between low-and mid-latitude zones show that simulated tropospheric NO 2 VCDs illustrate the maximum values during the winter months (Nov -Jan) and minimum values during summer months (June -August) which is consistent with the satellite observations as can be seen in Fig.7a and 7b for Beijing and Bangkok with the correlation coefficient of 0.57 -0.91, for both SCIAMACHY and OMI cases. For the cities that located near Equator zone, simulated and observed tropospheric NO 2 VCDs demonstrate the different seasonal pattern with low-and mid-latitude zones. As shown in Fig.7c for Bandar Seri Begawan case, the minimum values for both simulated and observed tropospheric NO 2 VCDs are presented during rainy season (Oct -Jan, May -Jun), while the maximum are presented during dry season (Feb -Mar, Jul - Table 7 and 8, the results from the simulated model during 12:00LT -14:00LT give the smaller column concentrations of tropospheric NO 2 VCDs comparing with the results during 10:00LT -12:00LT supporting the hypothesis in Section 3.2 that tropospheric NO 2 VCDs in the afternoon are lower than in the morning due to the higher photolysis rate causing the loss of NO 2 and resulting in the lower tropospheric NO 2 VCDs which also match with the overpass time of OMI satellite (around 13:30LT).
The results of tropospheric NO 2 VCDs from the model provide good agreements with the retrieved from the satellites, especially for comparing with OMI in case of Beijing (Fig.7a) , Shanghai, Hanoi and Bangkok (Fig.7b) with the correlation coefficients of 0.91, 0.91, 0.89, and 0.84, respectively. However, the results from the model seem to under-estimate tropospheric NO 2 VCDs from both SCIAMACHY and OMI satellites as presented in Table 7 and 8 for the ratio of satellite NO 2 VCDs to GEOS-Chem NO 2 VCDs. For the overall, the model under-estimated the retrieved Similar results also found in previous studies 6) 17) showing that the modeled NO 2 columns under-estimated the satellite retrievals by the factor more than 2 over east China and around 1 -3 over Japan. The possible bias could be due to either by the inaccuracy of the emission inventories fed in to the GEOS-Chem model which under-estimate NO x emissions during study period and model horizontal resolution or due to the uncertainties in satellite retrievals.
CONCLUSIONS
The study of long-term tropospheric NO 2 columns (during 1996-2011) retrieved from four satellite instruments; GOME, SCIAMACHY, OMI and GOME-2 were performed to elucidate the trends of the pollutants and the seasonal variability over the capital cities in SEA region including Japan and China. In general, most of the cities show no clear of the increasing trends. However, Shanghai reveals a sharp increase with the % increase of 21.5% per year. Besides, Beijing shows the highest monthly average of tropospheric NO 2 VCDs with the concentration of 25.11×10 15 molecules/cm 2 over the study period. Seasonal cycle of tropospheric NO 2 VCDs can be observed from four satellites with a consistent variability for each specific latitude zone. The cities that located between low-and mid-latitude give the maximum concentration during winter (Nov -Feb) and minimum during summer (Jun -Aug). Oppositely, the cities placed near Equator give reverse results due to the difference in meteorology. The inter-comparisons between the satellites present good agreements with the correlation coefficient higher than 0.75. The reasons for the discrepancy between four satellites are mainly from the differences in overpass time and horizontal resolutions. Time series of tropospheric NO 2 VCDs concentrations are also plotted together with REAS and MACCity NO x emissions. The results show good relationships mostly for the cities that located in mainland, while the cities that located near coastal line have weak correlations. This is because the cities that placed near coastal area are affected more from meteorological parameters. For the validation of satellite observations by surface monitoring of NO 2 , the results shows that OMI and GOME-2 provide better correlations than GOME and SCIAMACHY and this can be explained by the finer spatial resolutions of OMI and GOME-2 instruments. Finally, the results of seasonal variability of simulated NO 2 columns from GEOS-Chem generally agree well with tropospheric NO 2 VCDs from both SCIAMACHY and OMI measurements. However, the model under-estimated retrieved tropospheric NO 2 VCDs by the factor of 3 -4. Overall, the discrepancies among the simulated model and satellite retrievals are mainly due to the inaccuracy in emission inventories and the uncertainties in the satellite retrievals. We conclude that integration of satellite retrieved tropospheric NO 2 columns with air quality model can provide long-term data to study the trend of the pollutant and to assess the accuracy of the emission inventories in the limited in situ measurements.
